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A b s t r a c t . The ovelall  n~tllti-layer stl{]cture  of the nla~,r]cti( field ptofilc observed by UL’I’SSF;S

across a broad solar wind tangential ciiscontilluity  earl be reproduced fairly well by nwans  of a kinetic

modei,  Such a sirnulatiou  provides complcmc!ltary  inf(~rrnation about tlic velocity distribution furlctions,

which are not always kuowu due to the  low time resolution  irlhercr~[  ill plasma  lr~easurelnerlts.  The

success of such a sirnu[ation  proves that our kinetic rl~odel ca[l be user] as a realistic basis for further

studies of the sLructure  and stability of tangential cliacontinuities.
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Introcluction

lallgcntial discontinuities  (r~r)s) are  a I]revalent  feature of the solar \virlcl (SCC e.g. [Burlaga  et

rd., 1977]). Results from ULYSSES indicate that 7’Ds arc common also at higl] heliographic latitudes

[Tsuruta7~i eta/,,1994]. Solar wirldl'I)s often exhibit  clifferent cila[art(:r  i~ticscalcs  a[~darexsociatecl

with shears  in both the Inag[letic  field and plasma velocity. .-1 ~,rercqllisitc  forar,y theoretical studyof

11)s is a realistic model that is able to account for tbc  overall intmvlal structure observed in high time

resolution rna,gnetic fiekf measurements, Kinetic TD l(Lodek based orl \’iasov  equilibria (e.g. [Lemoire

and IIurlagrz,  1976; l,ee and A’an, 1979; Roth et al., 19!?3; Kuznrtsov[~ et al., 1994; Kumetsovrr  and Roth,

1995]) differ f[-orn each othm  by the adytic~ll  form of the velc,city distribution furlction (~IIF). They

cannot account for the complex multisca]e  nature oftc:l present in sola I }villcf 1’1)s, as the number of

frecparamctcrsin these modelsi sreducedt oaminirwrrn (li!iein Roth et al, [1993] or Kuznetsova  a n d

Roth [1995]) depcriding  on the specific application. II) this paper a gc!leraliz,ed model (that includes

‘most previous models a.s special cases)  using several sl)ecies and pararlleterizecl  VDFS is showm to be

powerful enough to explain the overall rnag!wtic  fielcl variatio[l  across a solar wind 11) observed by

U LYSSES . In the absence of plasma data with sufficient time resolutioll,  such a simulation gives us

some clues about the actuai VI)FS, l’he  aim of this piper is not the  study  of this particular solar wind

TD; rather, the emphasis ison the applicability ofthc model and its suitability as a basis for further

theoretical investigation.

The kinetic TD model

The standard procedure for solving the Vlasov equations for cl,al ~,ed patticles (mass m and charge

Ze) moving iri a steady plane TI~ electromagnetic col,figuration  (see r.g.  [l,rmg~nire, 1963], chapter 5)

consists of first expressing the single-valued VDE’S in terms of the corlstants  of rnotiorl: the particle’s

energy  ~~ a n d  canonical  mornellta  pv a n d  p. (z beill:; the  norrl)al  to the  l’1)-plalie).  Ir~ a secorid

phase, the partial densities and currents are obtained M furlctiol]s  of the electrostatic potential 4(x)

and the vector potential components av(z) and az(zj, by ixltcgratin~  the VDFs  over velocity space.

Finally,  Maxwell’s  equations lead to a set of coupled ordinary differ er{tial equations for QV(Z)  and a~(~),

supplemented by the quasi-neutrality corldition,  This set is solved nulrlerically.

The VDF used here is:

F = ~(fl,pV,lJ.)G([~u(PV),  t~z(]~z)),



lvhc[c )] is a lnaxwwllian at ttxnpclature  T, shifted aljund an averagr tallgcn~ial  velocity’ \’:

and  G’ is a cutoff function (~, > 0; i = 1, . 4)

tvir, h l,ly, = =. (pu,  z - TftL’’y,= - hpov,  =)/~eBo/l J ‘“-”/2
v!: ‘- ], where p = v%nl’/lZle Bo is the  gyroradius  of

t h e  llartiC]e ill a rCfC1ellCC IllagIICtiC field ~lo, arl(i h = S@~. l’he  CULO[r  function cfcpcncls on the

transition iengths  /v and 1, (> 1), the constants ~, (cicfining the fort)i{ide[~ phase space quadrants), and

pov anti po= (overlap of the occupied phase space qtradrarlts).  It nlay bc ~lsed to express the fact that

charged particles from orle side cannot penetrate mu< h into the other  half space, or to describe particle

populations that exist only inside the transition laycl (like, e.g., in tllc Ilarris model [Ha77-M,  1962]).

Observations and  simulation

.\moligst the many 1’Ds observed by ULYSSFS  v:e have seiected  OI,C,  observeci on July 3, 1993,

5:29 VT, at 4.57 AU and -33.8° heliographic iatitudc. Dashed iinm on figure 1 show the magnetic fieid

components in the minimum variance frame. ‘1’he spacecraft velocity with respect to the Sun (a few

knL/s) is negligible in comparison to the high speed (,f the solar wind. M\’F  orientation and velocity

data show the norInal  speed of ULYSSES relative to : he ‘1’!3 plarie to be 750 + 10 km/s, implying a

width of about 130000 km. This exceptional width (230 gyrol adii of 21,5 eV protons in a 0.85 nl’ field)

and the multiscale  magnetic field variations indicate that this transition is composed of several current

sheets. Soiar  wind TDs are known to have ar~ averagf width of 36 + 5 gyloradii  [l,epping  and BehanTmn,

1986],  piacing  this particular TD among the widest ones.

We distinguish three parts in the mag[mtic  fielcl nlagllitudc  dip: the left and right inner regions

(IL and 11{, see figure 1) anti a central ir,ner  depressim (1~).  The dip is bounded by two outer regions

(OL and OR) ciefirling the solar wind envi] onrnent.  Figure 1 shows that the transition consists of a

B. reversal, while I?v remains essentiality cmlstant;  t},e masnctic fieid rotates over 90.6°. .4ccordi11g  to

Kuznetsova  rmd Roth [1995], such a large rotation rcqtrires  the presel,ce  of inner particle populations

[Hum’s, 1962], i.e., populations with a density that decays rapidly with distance from the center of the

transition,

The simulation relies on the high time resolutic)n  magIlctomc@r  data (1 vector/s), and plasma

data from the ion spectrometer (returning 3-dimensiflnal  spectra every 4to 8 minutes) and the electron
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instrunlellt (returlliug either  2- or 3-clilncrlsiclllal spcx tra e v e r y .5 to 11 minutes). only solar wind

properties near the right e[ige of the tralusit ion are  a! ailable;  the!c Lil ( lm data close to tk]e left edge,

nor inside the transition. Because  of the sy](lrnetry  irl magnetic ficict Irlcerlsity on both sides of the  TD,

it is reasonable to take equal plasma densities and tel,lperatul  es for r.lle outer regioris. \Ve also assume

that the velocity  shear between both outer plaszllas C{i Il be neglected

Table 1 gives the values of the \’DE’  parameters tl[at  are able  to account fairly we]] for the observeci

magnetic field profile, We have introduced 5 sets of populations, Ekctl set consists of electrons of 4.4 e\:,

a proton population of ’21.5 eV, ancl 100.0 et’ alpha I]articles  (tl~e latter contribute significantly to the

total current). For the outer populatiorls  wc have us<<]  tlie  plasfna  d;lta.  }Ve have assumed an overlap

between tlie outer populations (see figure 2) defining a central pla~ma density enhancelnent  of 12 %.

This explains the central inner field depression. ‘1’o Icprocfucc  the asynlr[letry  in the  Bv corrlporlent

observed in the left and right inner depressions, we hiive used diffelen~ z bulk velocities for the left and

, right inner populations. These inner populations also contribute to the B, reversal  through their drift

velocities along y. ‘To improve the fit eve!l nlore, we have added a wide central inner population set.

The electron densities, shown in figure 2, illustrate tt,c  role of the po~,ulations  irl each Iegion.

Figure 1 compares the simulated maglietic  field ~ solid lines) with the observations (dashed lines),

showing the good fit of the overall lnagnetic  field prc~file.  l’hc  fine wavy-like structure superimposed on

it calinot  be reproduced. It may be asscribecl to the propagatic)n  of waves across the lD. Alternatively,

the ‘I’D might be in a state of turbulence [Krm~etsmo  et at., 1995]. Nevertheless, equilibrium models

are a first approximation; they can be used to ciescril,e  the unperturbed state in a subsequent study of

lD instabilities.

Discussion

In this paper we have used ageneralizeclV laso\J model ofrl’I)s.  \Vc have obtaineci  a “best  choice”

for the VDF parameters that rnirnics a’TD  magnetit field profile rccordecl by ULYSSF,S.  Previously,

only hypothetical solar wind I’L)s have beeri simulated with Vlasov rnodeis [l,ernairw and Burlaga,

1976; R.oth,  1986]; here, we model an actually obserw, ct event. in the absence of high time resolution

pl~srna  data, the simulation gives inlpc]rtalit  clues at,out the rlat, ure of the actual VDFS.  For instance,

inner populations with different bulk velocities have to be postulated to account for the observed

magnetic field rotation. The multi-layer structure of the trallsition is corltrolled  by the length scales

and separation (or overlap) of the populations.

The TD simulated here is quite large and represents a l)ilirlg up of several current layers: it is a
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denser  plasma region, separated from the surroullciing  solar  wir~cl by a curxcrlt sheet  on either side (with

current densities of the order of 3 . 1 0-11 .A/In2).  III gcneralj  sirn~llat iotls like the one perfotlncd  hew,

ofler the  possibility of computing quantities which are not directly observable, such as the electric field

stlength, For instance, in this particular si!~lulation wt. have obtained electrostatic potential variations

of less than 50 Znv, correspondiIlg  to an ext]eme]y  wc,+k electric field alory; the ‘1’1) normal. Its precise

value is of no particular interest; what matters is that an equilibtiulll  electric field exists as a natural

consequence of the tendency of a plasma to lemain neutral, Still, it IJlays an important role iri the

study of magnetic field lirl~ stochasticity and particle diffusiorl in electrostatically llon-eqllil>otcrltial

q’I)s [Kuznetsrwrr and  Roth, 1995].

l’hc  successful simulation demonstrates the ability  of the kinetic Iriodel to describe the overall

characteristics of observed nlagnetic  field profiles. l’hcrefore,  it car[ serve as a basic model for fu~ ther

studies of ‘TI) related phenomena. For instalice,  the w:lve.like structul e of the small-scale magnetic fielc~

, variations can be analyzed by looking at the differen~e between the equilibrium model and the high

resolution observations. The power spectrum of the difference can provide insight into possibly excited

instabilities and their preferred wavelengths.

A number of problems associated with the one-cl imensiorlal,  tirr(c-irldepenrlent  Vlasov approach

should be kept in mind. In particular, VIMOV theorim  of plane ‘T1)s employ nonunique distribution

functions and do not address the problem of particle accessibility [ JW~ipple et al., 1984].  Moreover,

current layers with large magnetic or velocity sheal, density atld temperature gradients, are

tl)erll~odyl~arI~ically noncquilihriurn  systems that haw, an excess of free energy and are potentially

unstable with respect to the excitation of large  scale t:lectromagnetic  perturbations [Ku.metsorra et al.,

1995]. Therefore, TLls most likely are in a state of tllrbulence rather than in a state of equilibrium.

Kumetsovrr  et al. [1995] have proposed a nlethod  which recluces tbc  alhitrariness  in the Wasov

formulation: the optirna[  choice for the free pararnet{rs of the rrlodel is the one leading to the most

stable configuration that satisfies the boundary conditions.

In order to study the time evolution of ‘TDs,  onc can adopt a realistic ID equilibrium model, like

the one presented here, as an initial state, and cc)nsider the effects c~f superposed pelturhations.  This

introduces 3D effects in tile  model in the form of srr]all-amplitude  lorlg-wavelength  variations of fields

in the plane of the current sheet. .4s an alternative,  I!ybrid particle silllulations  that use an ensemble of

ion particles immersed in an electron fluid (e. g., [Carljill  and hst7na7J, 1991; Omidi  and W’inske,  1995])

can trace the evolution of ‘TDs. Electron inertia, however, plays a critical role in configurations with

large magnetic shear and cannot be adequately desc~ ibed by present particle simulation codes,
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Table 1. Pls.sma  populations used ill the simulation

population
. . . . . . . ..— —

outer left

‘ (01,)  ,

iuner  left

(11,)

inner center

( I t )

inner right

(IR)

outer right

(OR)

z
-.

-1

+-1

42

-1

+1

J,- 2

-1

+ 1

-12

-1

-t 1

+2

-1

+1

+ 2

TfL/771p

0.00055

1.00

3.97

0 . 0 0 0 5 5

1.00

3.97

0.00055

1.00

3.97

0.00055

1.00

3.97

0.00055

1.00

3.97

lv(cnl’~)

033.18

0.301s

0.0165

0.1540

0.1400

0.0070

0.0066

0.0060

0.0003

0.0:150

0.0500

0.0025

0.3348

0.3fJ18

0.0165
—

T(, V)

4.4

21.5

1 0 0 . 0

4.4

21.5

1(,(),0

4.4

;’1.5

100.0

4.4

:,1,3

1110.O

4.4

21.5

100.0
.——.

(0,(1)

(0,0)

(0,0)

( 0.25,-0.34)

(-1.22, 1 66)

(-5.68, 7.73)

( 0 2 5 ,  o )

(-1.22, o)

(-5 68, O)

( 0.25, 0.10)

(-1.22,-049)

(-5.68, -?.27)

(0.0)

(0,0)

(0,0)
—.

(0,0,1,1)

(0,0,1,1)

(0,0,1,1)

(0,0,1,1)

(0,0,1,1)

(0,0,1,1)

(1,1,1,1)

(1,1,1)1)

(1,1,1,1)

(1,1,0,0)

(1,1,0,0)

(1,1,0,0)

(1,1,0,0)

(1,1,0,0)

(1,1,0,0)

(-,11)

(-,11)

(-,11)

(-,4.5)

(-,45)

(-,4.5)

(-)-)

(“!-)

(-)-)

(-,4,0)

(-,4.0)

(-,4,0)

(-,11)

(-,11)

(-,11)

(-,1.2)

(-,1.2)

(-,1.2)

(-,-15)

(-,-15)

(-,-15)

(-,-)

(-)-)

(-)-)

(-,14)

(-,14)

(-,14)

(-,-1.2)

(-,-1,2)

(-,.1.2)

4  1;,. = /v,zP/Po  where PO is the thermal gy]oradius  of a 20 eV j,roto,, in a 1 nT magnetic field (650 km)

b  P&,.  = POy,.  /PO  where  PO is the thermal  momentum  of a 20 ev proton  (10- 2 2  kgm/s)
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F i g u r e  1. Ulysses  magnetic  field  data for 1993, May-
.August.  l’hc plasrlla cloud under study w a s  o b s e r v e d
ml (lay  63, at t}m mld  of the third CIR encounter .

2- ,.

8,

BY

t
B,
B

,’

,,’,

01 /dfp.4Jw&-’w””—”+—% I

.>
+40 -300 . , 0 0

I
Icc 3& 50cl

, (,!

F i g u r e  2 .  IIigll-rcsol[]ti(>l]  L1\~I’  ~llagnetic field. T’i]]lc
i s  gi~rml  relatit’e to .July 3, 31! 3(Y!’

~’al)le  1, l>lasma  lmpulatjio]ls  u s e d  irl  the siluulatio]l
— .— . . .. —. —.. _ . . — .

popu]atioll z lll/lllp JY(C1113) 7’((1”) (\ ’j,l; ) ( k m / s )  (C1, C2, C’3, C’1)  (/,,/,)” (],0,  , p~,  ) “
—— . . . . .—— —— —- . . — .

-1 0 . 0 0 0 5 5 0 . 3 3 4 8 4,4 (0,0) (0,0,1,1) (-)11) (.,l,2)–

outer lcftl +1, 1,00 0.3018 21.5 (0,0) (0,0,1,1) (-,11) (-,1,2)
-12 3.97 0.0165 Joo.o (0,0) (0,0,1,1) (-,11) (-,1,2)

-1 0.00055 0.1540 4.’1 (0.25, -0.34) (0,0,1,1) (-,4.5) (-,-15)
inner left +1 1.00 0.1400 21.5 (-1.22, 1.66) (0,0,1,1) (-,4.5) (-,-15)

+-2 3.9’7 0.0070 100.0 (-5,68, 7.73 ) (0,0,1,1) (-,4,5) (-,-15)

-1 0.00055 0.0066 4,4 (0.25, O) (1,1,1,1) (-!-) (“,-)
inner ccntm +1 1.00 0.0060 21.5 (-1,22, o) (1,1,1,1) (-,-) (-)-)

+2 3.97 0.0003 100.0 (-5.68! o) (1,1,1,1) (-)-) (-)-)
-1 0.00055 0.0550 4.4 (0.25, 0.10) (1,1,0,0) (-,.4.0) (-,14)

inner right +1 1.00 0.0500 21. !5 (-1,22, -0.49) (1,1,0.0) (-,4,0) (-,14)
-t2 3.97 0.0025 100.0 (-5.68 -2.27) (1,1,0,0) (-,4.0) (-,14)

-1 0.00055 0.3348 4.4 (0.0) (1,1,0,0) (-,11) (-,-1,2)
outer right +1 1,00 0.3018 21.5 (0.0) (1.1,0,0) (-,11) (-.-1,2)

+2 3.97 0.0165 100.0 (0,0) (1,1,0,0) (-$11) (-,-1 .2)
—— —.—— . _——. — —.——

o TIIC charactmistic  lmlgths  arc givcll relative to the ~,yroradius  of a 20 c\’ protou  in a 1 nl’ magnetic  ficlcf: the  overlap
paralllctjcrs  arc relative to the ~rlomcntum of a t}lcrma] ~]roton.
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